The trichothecenes are a group of toxic secondary metabolites produced by several genera of fungi, such as Fusarium, Myrothecium, Trichothecium, and Stachybotrys (Table  1) (1, 15, 21) . Ingestion of mouldy cereal crops contaminated by these toxigenic fungi has resulted in serious outbreaks of mycotoxicoses in humans and domesticated animals (4, 9) . The toxicological effects of these mycotoxins include cytotoxicity (7) and potent inhibition of eucaryotic protein synthesis (21) .
Studies on trichothecene transformations have centered on in vivo and in vitro mammalian systems, and in general, these studies have revealed the production of other less toxic trichothecenes (5, 13, 17, 23) . Mammalian transformations of trichothecenes appear to be catalyzed by nonspecific carboxylesterases located in the microsomal fraction of liver (5, 10) . Early research also showed that a number of microorganisms were able to transform but not to degrade trichothecenes (3, 26, 27) .
Interest in microbial transformations was stimulated by the discovery of a detoxification pathway for T-2 toxin [4, -15 -diacetoxy -8a -(3 -methylbutyryl -oxy) -12,13 -epoxytrichothec-9-ene] and deoxynivalenol [3a,7a-15-trihydroxy-12,13-epoxytrichothec-9-ene-8-oneJ, two naturally occurring trichothecenes found in mouldy cereals, to their respective nontoxic de-epoxy forms (11, 12) . The possible role of soil bacteria in trichothecene transformation was suggested by Ueno et al. (22) . Aerobic axenic cultures of a Curtobacterium species strain 114-2, isolated from soil, transformed T-2 toxin to T-2 triol [3a,43-15-trihydroxy-8-(3-methylbutyryloxy)-12,13-epoxytrichothec-9-ene] via HT-2 toxin [15-acetoxy -8a -(3 -methylbutyryloxy) -3a,4I3 -dihydroxy -12,13 -epoxy-trichothec-9-ene], two trichothecenes belonging to the T-2 toxin series. T-2 toxin could be utilized by this bacterium as a sole source of carbon and energy, and the authors reported that prolonged incubation resulted in the * Corresponding author. disappearance of T-2 triol without the further production of any related trichothecene structures (16, 22) . In common with in vitro transformations by mammalian systems (6, 10) , the initial deacetylation reactions of the Curtobacterium isolate were catalyzed by soluble carboxylesterases.
We have investigated the role of natural bacterial communities and monocultures as agents for the detoxification and biodegradation of T-2 toxin and related trichothecenes. Bacterial communities capable of detoxification and biodegradation were enriched from soil and freshwater samples, and their detoxification capacities were screened by a recently described bioassay (19) based on the sensitivity of the yeast Rhodotorula rubra. The efficacy of bacterial communities from widely diverse geographical locations in the detoxification of T-2 toxin is discussed, together with some features of the community structures.
MATERIALS AND METHODS
Chemicals. T-2 toxin, deoxynivalenol, and neosolaniol [4,-15- b As determined by bioassay.
RESULTS
Screening for T-2 toxin detoxifying activity. Of the 20 environmental samples, 17 produced growth after incubation in T-2 toxin basal salts medium. During and after batch enrichment isolation, the toxicity of the culture medium was determined by bioassay. R. rubra was sensitive to concentrations of T-2 toxin above 2.5 pg mnl1, with a lower limit of sensitivity between 1.0 and 2.5 ,ug ml-'; however, this yeast showed no sensitivity to HT-2 toxin, T-2 triol, T-2 tetraol, or neosolaniol in the range of 2.5 to 10.0 tig ml-'. A linear response between the diameter of the zone of inhibition and T-2 toxin concentration was found between 2.5 and 15 ,ug ml-'. Table 2 summarizes data derived from the first subculturing of the bacterial communities obtained from the primary enrichment isolations. Each culture was analyzed for growth and T-2 detoxification as a function of the incubation time. Enrichment cultures showing increased turbidity became nontoxic to R. rubra at between 24 and 96 h, depending upon the particular enrichment source (Table  2 ). The time taken for the disappearance of toxicity to R. rubra decreased with subsequent subculturing of the original enrichment culture. For toxin which cochromatographed with HT-2 toxin and T-2 triol. In both cases, the HT-2 toxin concentration increased to a maximum after 2 to 3 days of incubation as T-2 toxin was transformed; thereafter, as HT-2 toxin was transformed, T-2 triol increased to a maximum at 3 to 5 days (Fig. 1) . With communities KW3 and TS4, a further metabolite which had Rf values of 0.05 and 0.02 in solvent systems A and B, respectively, and which cochromatographed with T-2 tetraol was observed. The pattern of trichothecene metabolism by community KW3 (Fig. 2) showed that HT-2 toxin was transformed and that a lag period of 2 days followed before the T-2 triol was converted to T-2 tetraol. Subsequently, the T-2 tetraol was rapidly metabolized without the further production of other trichothecene-related compounds (Fig.  2) . Community TS4 transformed T-2 toxin in a sequence similar to that of community KW3, with the production of T-2 tetraol from T-2 triol, but TS4 was more active than isolate KW3, since transformed products showed little ten- less neosolaniol produced (17%). As neosolaniol was gradually transformed, an unknown metabolite (previously detected in GW1) appeared in the culture supernatant.
To substantiate the identity of putative T-2 transformation products, two communities (KS10 and TS4) were resuscitated from the freeze-dried state and grown in T-2 toxin medium. During 7 days of incubation, aliquots (0.429 ml, equivalent to 200 jig of T-2 toxin at time zero) were extracted and analyzed by HPLC. The retention times of reference trichothecenes are shown in Table 1 . Trichothecenes in the culture samples were separated by HPLC, and after the addition of known quantities of trichothecene standards, a corresponding increase in peak area was observed in the experimental samples. The unknown metabolite produced by communities GW1 and KS10 had a retention time of 15 .45 min and was eluted between T-2 toxin and HT-2 toxin. The general profile of T-2 toxin transformation as revealed by HPLC was consistent with that obtained by TLC (Fig. 6 ). TLC analyses of the communities (Fig. 1-4 dency to accumulate in the culture (Fig. 3 ). Further analysis of community TS4 by TLC and color development with 4-(p-nitrobenzyl) pyridine and tetraethylpentamine indicated that no trichothecenes remained in the culture medium after 5 days. Communities GW1 and KS10 produced a trichothecene metabolite, in addition to HT-2 toxin, T-2 triol, and T-2 tetraol, that had Rf values of 0.32 and 0.30 in solvent systems A and B, respectively. This metabolite cochromatographed with neosolaniol. Neosolaniol and HT-2 toxin (each ca. 35%) reached maximum concentrations at 2 days in cultures of isolate GW1 (Fig. 4) ; thereafter, HT-2 toxin was transformed with a corresponding increase in T-2 triol and T-2 tetraol. An unknown metabolite (Rfs, 0.08 and 0.06 in solvent systems A and B, respectively) had a mobility between those of T-2 triol and T-2 tetraol and began to increase in concentration in GW1 culture supernatants as neosolaniol reached a maximum. With prolonged culture (data not shown) of up to 14 days, only T-2 tetraol remained in the culture medium. The pattern of T-2 toxin degradation by community KS10 was similar to that of community GW1 but with proportionally isovalerate, 0.12 h-1). Initially, the growth of the communities on T-2 toxin was probably limited by the rate of side chain cleavage. Community TS4 produced a higher final culture density than community KS10 when grown on T-2 toxin, presumably because of assimilation of the products of trichothecene ring degradation. These results are consistent with the patterns of T-2 toxin degradation revealed by chromatographic analyses.
Microbiological analysis revealed that communities KS10 and TS4 each were composed of nine distinct bacteria. After purification of the isolates on nutrient agar, they were identified as far as possible by biochemical tests to assign them to genera and species (Table 3) . Both communities were composed of gram-negative and gram-positive bacteria commonly found in soil and water environments. Only one isolate, KS10-2, was identified to the species level and was found to be Blastobacter natatorius, an unusual gram- negative rod previously isolated from swimming pools (18) . Both communities, when growing on T-2 toxin, were dominated by a single species, designated KS10-5 and TS4-4 in their respective communities (Table 4 ). The majority of species in these communities made up less than 10% of the total population. In contrast to these complex bacterial communities, isolate AS1 was composed of only two Arthrobacter species. This community revealed a transformation sequence similar to that observed with other communities.
Growth of individual species on T-2 toxin and putative side chain cleavage products. Individual species isolated from communities KS10 and TS4 were tested for the ability to transform T-2 toxin and to utilize acetate or isovalerate (Table 5 ). Community KS10 contained two primary utilizers in the sense of Bull and Slater (2) , KS10-2 and KS10-9, which converted T-2 toxin to T-2 triol within 5 days of incubation, and one primary utilizer, KS10-8, which converted T-2 toxin to T-2 triol together with trace amounts of a The zero-time sample represents the composition of the inoculum which was grown in T-2 toxin medium. T-2 tetraol. These three primary utilizers were unable to utilize acetate or isovalerate as a carbon source and were present as low percentages of the total viable count throughout the incubation period (Table 4) . One organism, KS10-7, produced a trace amount of neosolaniol from T-2 toxin, but T-2 toxin remained largely unchanged after 7 days of incubation. Bacterial community TS4 also contained three primary utilizers, TS4-1, TS4-2, and TS4-3, but, in contrast to their counterparts in community KS10, they also utilized acetate and isovalerate as growth substrates. In consequence, these three bacterial species were present in much higher proportions of the total community than the primary utilizers in community KS10. Bacterial community AS1 contained one primary utilizer (AS1-1) which was capable of transforming T-2 toxin to T-2 triol, via HT-2 toxin, within 7 days. The complete bacterial communities (AS1, KS10, and TS4) were more active, in terms of the rate of transformation of T-2 toxin, than any single primary utilizer of T-2 toxin. Assimilation of trichothecenes other than T-2 toxin by bacterial communities. Bacterial communities KS10 and TS4 were able to transform and utilize for growth HT-2 toxin, neosolaniol, and diacetoxyscirpenol. HT-2 toxin was quickly transformed to T-2 triol and T-2 tetraol after 7 days; neosolaniol was transformed more slowly after 5 days to an unknown metabolite with an Rf value of 0.08 (solvent system A). Diacetoxyscirpenol was rapidly transformed by TS4 and KS10 within 1 and 2 days, respectively, to a metabolite (Rf 0.35; solvent system A) that did not comigrate on TLC plates with any available reference trichothecene. This metabolite was subsequently transformed to a metabolite with an Rf of 0.08. All of the trichothecenes described above supported growth of KS10 and TS4 communities. In contrast, neither community had the capacity to transform roridin A, verrucarin A, or deoxynivalenol. However, community TS4 was able to transform verrucarol but only after prolonged incubation (17 days).
DISCUSSION
It was reported recently (22) that T-2 toxin could be transformed by axenic cultures of 12 gram-positive aerobic bacteria enriched from soil environments, although no details were provided of the soil types and origins or of the number of positive enrichments obtained. The experiments reported here show that 85% of the soil and water isolates screened were able to utilize T-2 toxin as a sole source of carbon and energy and that this activity was associated with the removal of T-2 toxicity. Screening for T-2 toxin detoxification was facilitated by the R. rubra bioassay, because resulting trichothecene transformation products were nontoxic to this yeast, thereby allowing a selective assay for T-2 toxin. The wide range of environmental samples used in our study originated from four different geographical areas, and within these areas a variety of soil and water types were screened. All samples originating from Thailand were positive, and only one sample from the other three geographical areas showed a negative result for detoxifying activity.
Biotransformation of T-2 toxin to HT-2 toxin has been reported for fungal systems (26) , soil bacteria (22) , and ruminal microorganisms (11, 24) ; further transformation of HT-2 toxin to T-2 triol (22, 24) has also been observed. The major transformation pathway for T-2 toxin in the majority of our enrichment samples was to T-2 triol via HT-2 toxin; however, more active communities were able to transform the T-2 triol to T-2 tetraol. This transformation sequence resulted in progressively less toxic trichothecenes; for example, T-2 triol and T-2 tetraol are approximately 20-fold less toxic than T-2 toxin when administered to mice (28) . Another minor pathway involving neosolaniol was suggested in some of the enrichments. Community GW3 showed that this pathway to neosolaniol was actively producing comparable amounts of neosolaniol and HT-2 toxin as the first major metabolites of T-2 toxin transformation (Fig. 4 ). An unidentified transformation product was detected only when neosolaniol was produced, and we suggest that the former may be 4-diacetyl neosolaniol, which is further transformed to T-2 tetraol. 4-Diacetylneosolaniol has been found previously as a transformation product of HT-2 toxin in rat liver (29) , and it undergoes further transformation to T-2 tetraol. Although we have not substantiated the identity of diacetoxyscirpenol transformation products by isolates KS10 and TS4, it is possible that selective deacetylation of the 4-acetyl moiety of diacetoxyscirpenol would result in monoacetoxyscirpenol [15- (3 days) . Results shown here indicate that the putative transformation product monoacetoxyscirpenol is transformed within 3 days.
In the study presented here, only ethyl acetate-extractable metabolites were chromatographed. It has been suggested (29) that extraction with XAD-2 resin is more efficient for polar trichothecenes; however, reported TLC and HPLC data have revealed that T-2 tetraol was extracted by ethyl acetate, suggesting that other workers extracting transformation products of T-2 toxin should have detected T-2 tetraol if it was present.
Many natural and xenobiotic compounds have been shown to be degraded by microbial communities (2) . Although axenic cultures of soil organisms that transform T-2 toxin to T-2 triol have been isolated (22) , the complex bacterial communities KS10 and TS4 were always more active against T-2 toxin than were pure cultures of the constituent bacteria. These two communities showed different interactive relationships. The biotransformation mechanism of community KS10 involved cometabolism in that the three primary utilizers KS10-2, KS10-8, and KS10-9 were unable to utilize the initial side chain cleavage products resulting from their transformation of T-2 toxin. These organisms were found at low levels in the community (Table  4) , presumably surviving within the community by utilizing excretion products from the other bacteria present. In community TS4, the primary utilizers TS4-1, TS4-2, and TS4-3 possessed both transformation activity and side chain product assimilation. These primary utilizers were present at higher levels in the community than the corresponding species were in community KS10. Both communities contained gram-negative soil bacteria able to transform T-2 toxin, and this is the first reported case of the involvement of gram-negative bacteria with such activity.
We conclude that relatively high concentrations of T-2 toxin can be quickly transformed in various natural and man-made environments representative of very wide geographical locations and that this transformation results in progressively less toxic trichothecenes and mineralization.
